Introduction
In many industries, sandwich structures are commonly used to achieve a stiff and lightweight product within geometric constraints. In applications of these advanced composite components, core materials are placed between two face sheets of high-strength material, such as cured carbon fiber laminates. Core material choice is governed by parameters including high stiffness, good strength to weight ratio, and impact resistance. 1 Core types are divided into four categories; corrugated, cellular foams, honeycomb, and balsa wood. Within the aerospace industry, honeycomb core is a dominant choice in secondary structure applications because of the excellent mechanical properties and light weight. For panels with complex geometry, manual layup is the primary manufacturing method. 2, 3 The manufacture of sandwich panels for the aerospace industry utilizes pre-impregnated fibers (prepreg) as the face materials. 1 Complex geometries require the top face prepreg to be draped to conform to the surface; with constraints on the maximum deformation placed by the forces transferred to the core. 2 As the lateral stiffness of traditional Nomex honeycomb is a small proportion of the vertical stiffness, damage and loss of geometric accuracy may occur during this process. 3, 4 In addition to this, cores are machined from large, flat sheets, leading to significant material waste. 2 These factors contribute to the high cost of sandwich panels; it is estimated such components contribute to 30% of a wing mass, but 70% of the cost. 5
Additive manufacture
One potential method for a reduction in production waste and improvement in lateral stiffness is employment of Additive Manufacture (AM) methods for core manufacture. AM has been used in industries requiring small numbers of specialized components for its ability to create net-shaped parts with geometries unsuitable for conventional manufacturing techniques; an example is the ability to create internal geometries unreachable through typical milling methods. 6 AM systems are suited for applications requiring a degree of customization, requirements for design optimization, and low production volumes. 7 Such qualities make AM an ideal candidate for specialized and low-volume core components, and repair at facilities without access to traditional core materials. 8 These processes are broadly divided into three categories referring to the state of the initial build material; powder-based, extrusion-based, and resin-based, 9 with recent standards further subdividing the categories. 10 Each method has advantages and disadvantages, as discussed in Refs. 11, 12 An oft-highlighted issue with AM is the difficulty in quality control 6, [13] [14] [15] [16] ; Huang et al. 16 present a thorough review of quality control in AM. Process parameter optimization allows design for improvements in manufacturing, as in, 17 and improved mechanical proper-ties. 18, 19 However, there are relatively few methods of monitoring AM in use, with most relying on a single observation method. 16 Two case studies presented in 6 display qualification processes of AM parts for aerospace, with the manufacturing method motivated through reducing part weight; the first was qualified as a part, with no design variation allowed. The second involved process qualification, demonstrating print parameters which produce reliable components throughout the build space. The difference in certification requirements between a process and a design is reinforced through recent Food and Drug Administration (FDA) draft guidance, attempting to define the level of personalization for medical devices produced through AM, and the associated quality control processes. 20 Similar actions are required for part qualification for the aerospace industry, including standardization of material testing 21 and improved knowledge of the AM process to allow Non-Destructive Testing (NDT). 22 Within the aerospace industry, a number of parts have been qualified. 13, 23 
Fused Deposition Modeling
Fused Deposition Modeling (FDM), a type of extrusion-based AM, is a technology pioneered by Stratasys Inc (now Stratasys Ltd) in 1992. 13, 24 A typical FDM system involves extruding molten plastic through a nozzle, with actuation provided to move the nozzle relative to the print bed along a predefined path. The RepRap project began in 2008, providing open source designs for FDM machines. 25 Fused Deposition Modeling is a term trademarked by Stratasys, this process is synonymous to as Fused Filament Fabrication (FFF); the process is defined by ISO/ASTM 52900:2015 as material extrusion. 26 With the increased availability and ease of modification, costs of FDM systems have decreased, while the variety and application areas have increased. These attributes lead to an increased use within industry. 13 Factors limiting adoption of FDM in industrial manufacturing is the difference in mechanical strength between an FDM and injection molded component, and the limited material choice available. Agarwala et. al. 27 investigated defects in FDM components, such as internal voids, the staircase effect, and start/ stop errors. The anisotropic properties of FDM components in compression was explored by Lee et al. 28 ; finding an 11.6% change in compressive strength dependent on part orientation. Tymrak et al. 29 found little difference in the mechanical properties of components manufactured on different machines. Many methods for improving the mechanical properties of the components have been suggested, such as the use of curved layers, 30, 31 design optimization, 32, 33 and process parameter optimization. 18, 19, 34, 35 Material choice is limited by the melting point achievable by the extruder and viscosity during extrusion.
The bonding potential between layers of thin-walled AM components was explored by Yan et al., 36 where the aspect ratio of a wall is related to the bond strength. The bonding potential was determined by the temperature difference between layers. Rodriguez et al. discuss the effect of temperature on bond strength; every 10 °C reduction in temperature difference between layers during extrusion corresponds to a 10% increase in fracture strength of the bond. 37 Most process optimization schemes modify parameters related to the infill of thicker components. The optimization of thin-walled FDM structures was presented by Riss et al. 38 
AM for core applications
While regular honeycomb core is relatively simple to manufacture in large sheets, 2 complex geometries commonly require multiple core types to be machined and spliced together. To date, there has been little research of AM technology applications in sandwich panel manufacture. In a patent filed in 2002, Boeing describes the use of thermoplastic honeycomb structures for use in radar cross sections produced using AM. 39 The listed advantages are increased manufacturing efficiency and improved design space over conventional cores. This concept has been explored by the University of Bristol, 8, 40 investigating the mechanical properties of thermoplastic cores, the potential for use in repairing sandwich panels, and printing of cores onto curved surfaces. This line of research demonstrated sandwich panels can be printed in situ within a damaged section of sandwich panel, and directly onto prepreg material; a development which could allow for core manufacture and placement to take place simultaneously to streamline the production process. Allen and Trask 31 used a delta FDM machine to print curved layer cores. This process demonstrated the previous work can be applied to complex sandwich manufacture, and could be applied to complex panel repair. An application to composite sandwich structures has been explored by Riss et al., 38 demonstrating the potential of manufacturing curved honeycomb structures through AM; modifying wall thickness within the CAD design to ensure reinforcement is in the loaded areas.
If sandwich panels are to improve in functionality within future aerospace and automotive applications, improved manufacturing methods will be required to achieve the "Bigger, Faster, Cheaper" mantra 41 ; one potential method is to print lightweight cores through FDM. While previous work has provided an insight into the flexibility afforded to FDM cores, there has been little characterization of the thin wall mechanical strength, and comparison of such cores to existing core materials. FDM components exhibit anisotropic behavior, despite often comprising of homogeneous feed material, due to the layer-based manufacturing process. In contrast, Nomex honeycomb, manufactured from a phenolic paper-pulp, is a heterogeneous material, but produced with consistent wall dimensions and material properties due to mature manufacturing processes. The honeycomb core shape was chosen for the FDM core due to its efficient space filling with minimal volume. 42 This paper begins with an investigation into the effect of different wall thicknesses and print speeds on the inter-layer bond strength of acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) manufactured with a RapMan 3.2 printer, i a low-cost printer used during this feasibility study. These i Manufactured by BFB, now part of 3D Systems. VOL. 3 NO. 1
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polymers are commonly used with such equipment; ABS is considered more suited for loaded components, while PLA provides a contrasting material to identify if similar trends were observed. 43 Following these results, FDM cores were manufactured and tested to evaluate the effect of different build patterns. An initial cost comparison between ABS cores produced through FDM with conventional Nomex honeycomb cores follows. The results are discussed, presenting a theory regarding the causes of result variability, succeeded by conclusions and further work.
Bond strength evaluation
A dominating factor in the mechanical strength of FDM components is the inter-layer bond strength. 19, 44 Construction of walls through a single extruder pass allows for the lightest structures for core use; this research was conducted to understand the effects of print parameters on the thin wall strength.
Tests were performed based on ASTM D638 45 to investigate the effects of varying build parameters on interlayer bond strength of ABS and PLA polymers.
Manufacture of tensile specimens
Wall thickness variations were introduced through variation of the nozzle speed and the material flow rate to observe the effect of increased manufacturing speeds. The printer was located in a research laboratory, with the build area at room temperature and normal humidity. Tests were performed with ABS and PLA plastics. For ABS, three extruder flow rates were considered (4.08, 5.44, 6.80 mm 3 s −1 ), with nozzle speed settings to produce wall thicknesses (1.5, 2, 2.5 mm). Due to the lower viscosity of PLA, the same wall thicknesses were not achievable; two flow rates of 4.76 and 9.51 mm 3 s −1 were used to manufacture walls of approximately 0.9 and 1.7 mm. Additional PLA specimens were produced with a 13 s pause time between layers to investigate the effect of increased cooling on filament bonding. After printing, the thin walls were machined into hourglass specimens. Specimens were 50 mm long with a gauge length of 9 mm, and a width of 7 mm. The inter specimen variation of the gauge lengths and widths was 1 and 0.5 mm, respectively. The specimens were orientated within tensile testing mounts to ensure the loading direction was perpendicular to the layer line. Figure 2 (a) shows a test specimen mounted in position for a tensile testing. Figure 2 (b) depicts a typical failure observed during testing; a clean break along between layers normal to the direction of applied force.
Tensile testing results
Testing was conducted at a rate of 2 mm/min on a Shimadzu test machine, measured with a 1 kN load cell sampled at 100 Hz. From the peak force before failure, the ultimate tensile stress for each wall thickness was calculated using measurements for sample width and thickness. The results are shown in Table 1 for ABS, and Table 2 for PLA. The initial results show no statistically significant difference in ultimate tensile stress for variations in extruder flow rate and wall thickness. It was observed the thicker specimens were more likely to fail out of gauge length; any failure outside of the gauge length was discounted from results. Of the 100 specimens tested, with 14 failing during machining or outside of the gauge length.
Appendix 1 shows the force-displacement curve for each specimen, with the yield points marked by black squares. Also presented are the results for samples with an increased layer print time through addition of the 13 s pause, compared to identical parameters with a default layer time.
It can be seen the thinner-walled structures printed with ABS behave in a more brittle way than the thicker walled samples; exhibiting a shorter yield before failure. It can be hypothesized from the higher amount of plastic deformation, identified on the tensile testing graphs in Appendix 1, the specimen behaves closer to that expected for a conventionally manufactured plastic specimen; implying a higher level of inter-layer bonding than exhibited in the thinner-walled structures.
Due to increased contact area between filaments in thicker walls from the wider roads deposited, a heat gradient during the bond-forming process would exist across the road width, with the edge section cooling at a higher rate due to convection. As the entanglement between the polymer layers is related to the cooling profile, a higher level of entanglement is exhibited in the center of the bond relative to the edge. 44 With the lower level of bonding at the edge, a peeling action may occur, causing the earlier yield point observed. The thinner walls would be expected to have a more uniform temperature along the filament bond, the yield point is reached closer to failure with minimal peeling between layers.
From Fig. 8 , it can be seen there is an increase in the spread of ultimate tensile force when the layer time is increased through the pause, while the yield point remains constant. While there is no significant statistical difference in yield or ultimate tensile stress, it can be seen there is a high variation in displacement at ultimate failure. The cause of these changes in ultimate strain could be environmental effects during the pause; this variable has a great effect on bonding on bonding, as discussed in Refs. 36 and 37.
Compressive testing of cores
ABS cores were manufactured through FDM using various toolpaths; each resulting in different wall thicknesses. These were compared to Nomex honeycomb and PLA core with similar crush stresses. Due to the increased mass of the FDM core, the specific crush stress is much lower. The higher compressive strength of the PLA specimen corresponds to the findings of Tymrak et al. 29 With a more brittle thin-walled structure, there was little deformation before buckling. This failure mode was exhibited through separation between layers, with the layers remaining relatively undistorted. The increased ductility of this bond, as discussed in Section Bond strength evaluation, resulted in the more ductile core failure. With the increased contact area and ductile deformation, a significantly higher force was required to reach peak deformation. The post-failure behavior, shown by the force-displacement compression graphs in Fig. 5 , shows the increased resistance to crushing after the initial failure; plastic behavior similar to that presented in Section Tensile testing results.
The deposition pattern also introduced anisotropic properties to the core. As discussed in Refs., 1,2 traditional Nomex honeycomb exhibits anisotropic properties due to the impregnated paperbased materials; there is very little lateral compressive stiffness. FDM exhibits anisotropic properties due to the layered manufacturing approach, 19 but due to the higher compressive stiffness of the ABS compared to the paperbased Nomex honeycomb, there is no noticeable difference when handled in different orientations. This would be beneficial for ensuring geometric tolerances are maintained during layup of the upper skin of sandwich panels. Existing thermoplastic cores offer improved lateral stiffness compared to Nomex honeycomb, and have a maximum compressive strength of 1.9 N mm −2 (Ref. 48) . With a compressive strength of 3.9 N mm −2 , the ABS core printed with toolpath 1 was stronger, and had twice the density.
Cost comparison
An approximate cost comparison has been conducted, investigating the material cost difference between ABS printed cores and an aerospace grade Nomex honeycomb core. A sheet of Nomex core (121.9 × 243.8 × 2.5 mm) costs between $927 and $2663. 49 Printing the same volume of core using toolpath 2, shown in Fig. 3 , as the Nomex honeycomb would weigh 13.44 kg. This paper uses filament priced at $21 per kilogram, purchased from 3D Filaprint, 50 equating to a cost of $282 for an equivalent area of core with a depth of 2.5 mm; a factor of between 4 and 10 lower cost than Nomex honeycomb. This analysis does not take into account the machining costs for producing more complex geometries; an aspect where the FDM process would have reduced waste and a higher level of automation due to the nature of the AM process. specimens. A honeycomb build pattern was selected, due to the efficiency of honeycomb as a filling pattern and the resemblance to Nomex honeycomb. The test design was based on ASTM D7336. 46
Manufacture of the FDM cores
Custom code was created within the MATLAB environment to output a GCode file directly to the 3D printer, enabling control over the print toolpath, flow rate, and nozzle speed. Three different build profiles were investigated for the ABS specimens, shown in Fig. 3 . Testing of the cores manufactured from PLA was limited to those produced using toolpath 2, the most reliable toolpath. The built properties are described in Table 3 , with the wall thicknesses, normalized, and expected normalized thicknesses stated. The expected normalized thickness values were calculated from the amount of repeated printing of the hexagon walls. Toolpath 3 is identical to the output of the default RapMan slicing software (Axon 3).
Examples of the FDM and Nomex honeycomb cores used for this testing are shown in Fig. 4(a) and (b), in Appendix 2. A5 mm cell radius was used for the FDM core, and a 1.6 mm cell radius for Nomex honeycomb. The Nomex honeycomb had a density of 48 kg m −3 . FDM specimens were printed to a size of 50 × 50 × 14 ± 1 mm, and the Nomex honeycomb core cut with a bandsaw from a 14 mm depth sheet to 50 × 50 ± 2 mm. This specimen size was similar to those used by Zhang and Ashby when evaluating the theoretical compressive strength of Nomex honeycomb. 47
Compressive testing results
Testing was conducted on level plates mounted on a 50 kN Zwick test machine at a rate of 2 mm/min, sampled at 10 Hz. The cores were preloaded to 50 N, and the plates were checked to ensure the orientation was correct. Table 4 presents the yield force, yield and crush stress, and specific crush stress for each build pattern. The specific crush stress was calculated by dividing the ultimate crush force by specimen mass. In a similar result to the tensile results presented in Section Bond strength evaluation, the thinner walled core behaves in a more brittle manner than the thick-walled counterparts, with little plastic deformation occurring between yield and crush stresses. Figure 5 shows force-displacement curves normalized by the ultimate failure load for compression testing of the ABS and Nomex honeycomb cores. The results for individual tests are shown in Appendix 2. While the Nomex honeycomb follows the anticipated crushing behavior with a constant crush force, 47 the FDM cores followed a more typical buckling behavior for plastic structures. The FDM cores withstood a significantly higher force before failure than Nomex honeycomb, strength than the Nomex honeycomb used in this work. The cores manufactured through FDM had a higher compressive strength than thermoplastic polymer cores, and an increased density, demonstrating equivalence to existing industrial materials. Wall thickness was found to be a contributing factor to the difference between the yield and ultimate displacements. However, with the increased crush force after failure of the plastic cores, there is potential for improved impact resistance. 8 Through correlation between Sections Bond strength evaluation and Compressive testing of cores, it can be concluded that interlayer bond strength is key in determining the failure properties of the final core.
There are advantages to the use of FDM cores in secondary structures, where low cost and ease of manufacturing are a priority; especially when complex geometries are common. Here, the core strength could be optimized for areas with high localized loads (e.g. inserts) through modification of the deposition pattern and wall thickness; properties could be identified through the testing presented in Section Bond strength
Discussion
Section Bond strength evaluation presented inter-layer bond failure mechanisms for different wall thicknesses; the thicker walls behaved in a more ductile manner. In Section Compressive testing of cores, it can be seen that the FDM cores exhibit a higher compressive force, and a lower specific into the cell. This could be countered through printing a shell structure over the top, as shown in Fig. 1(b) .
Conclusion and further work
This paper has presented the results of testing filament bond strength of thin-walled honeycomb cores produced with two differing materials (ABS and PLA) using FDM. Testing was conducted with samples machined from FDM thin walls for bond strength evaluation through tensile testing. Results have shown thicker walls are more susceptible to plastic deformation, with a lower yield point than thinner walls. Compressive testing of the FDM cores has demonstrated the thicker walled specimens behaved in a more ductile way, consistent with the tensile testing; the maximum crush force of the FDM cores was significantly greater than Nomex honeycomb. While the specific compressive strength remains roughly constant with wall thickness variations, it is lower than Nomex honeycomb, a barrier to use in weight-critical applications. A second advantage of core components manufactured through FDM is the improved design envelope, reducing manufacturing limitations imposed by conventional machining. Future work will involve further testing of FDM cores in impact and torsion. With the wider design space the FDM process provides, alternative structures achievable through FDM will be explored. In addition, printer types with alternative materials, such as carbon reinforced filaments, will be investigated.
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No potential conflict of interest was reported by the authors. evaluation. Using a combination of Nomex and metallic honeycomb to form complex geometry requires careful machining and splicing. 1 With FDM, extra complexity in manufacturing is available at virtually no extra cost. 6 In addition to the ability to support localized loads, AM allows more complex designs to be produced than possible with conventional sandwich panels. An example is shown in Fig. 1(a) , from previous work. 40 A number of quality control issues were identified during the specimen manufacture and data acquisition. One observation of this paper was the increased variation in yield point for FDM parts produced with thicker walls. In addition, the thicker walled specimens have been found to be more susceptible to errors during manufacture; as stated in Section Manufacture of tensile specimens. It was observed the print quality was dependent on the initial layer height; while a constant layer height was used, having the initial layer deposited too low could cause "ripples" throughout the component. This effect caused such specimens to be discarded before machining.
There was a difference of an order of magnitude between the cell sizes and wall thicknesses of the FDM and Nomex honeycomb cores. The larger cell size of the FDM cores present a risk of "telegraphing"; where the top skin vertically deforms 
